Objectives: To compare the clinical and electrophysiological features of myasthenia gravis (MG) patients with (seropositive) or without (seronegative) antibodies to acetylcholine receptor. To investigate whether antibodies to muscle specific kinase (MuSK) and ryanodine receptor (RyR) are associated with particular features. Methods: Clinical profiles and single fibre electromyography (SFEMG) in the extensor digitorum communis (EDC) were reviewed in consecutive 57 seropositive and 13 seronegative patients. Antibodies to MuSK and RyR were measured by immunoassays. Results: Of the 13 seronegative patients, four (31%) were positive for MuSK antibodies and seven (54%) were positive for RyR antibodies, including all four MuSK positive patients. Clinical features were similar at presentation for seropositive and seronegative patients, but MuSK positive patients frequently developed myasthenic crises. Despite the similar clinical severities at the time of examination, the proportion with positive jitter (93% of seropositive patients, 50% of MuSK positive patients, and 44% of MuSK negative patients) and the extent of jitter (mean consecutive difference: 76 ms in seropositive patients, 36 ms in MuSK positive patients, and 30 ms in MuSK negative patients) were less in seronegative MG patients compared with seropositive MG patients. Conclusions: Seronegative MG is heterogeneous with respect to the presence of antibodies to MuSK. Impairment of neuromuscular synaptic transmission in EDC is less marked in seronegative than seropositive MG despite the similar clinical severity. This discrepancy may partly reflect the distribution of affected muscles in seronegative patients, but it is possible that other factors, such as impaired excitationcontraction coupling resulting from RyR antibodies, contribute to the clinical phenotype.
M yasthenia gravis (MG) is an autoimmune disease of the neuromuscular junction usually mediated by antibodies to acetylcholine receptor (AChR), which are present in 75-94% of patients with generalised MG (seropositive). [1] [2] [3] [4] AChR antibodies lead to loss of AChRs and single fibre electromyography (SFEMG) shows jitter and blocking of muscle action potentials, indicating a defect in neuromuscular transmission. 5 6 Patients without anti-AChR antibody have been referred to as 'seronegative'. Several lines of evidence indicate differences between seronegative and seropositive MG-for example, thymoma is rarely found in seronegative patients. 3 7 8 It is now known that up to 70% of seronegative MG patients have antibodies against the muscle specific receptor tyrosine kinase (MuSK). 9 10 The extracellular segment of MuSK mediates the agrin-induced clustering of AChRs during synapse formation, and MuSK antibodies reduce the number of AChR clusters in in vitro experiments. [11] [12] [13] MuSK antibodies might, therefore, reduce the number or density of AChRs thereby leading to jitter and blocking of neuromuscular transmission, but detailed SFEMG findings in seronegative patients, with or without MuSK antibodies, have not yet been reported. Moreover, antibodies to other possible muscle antigens, such as titin and ryanodine receptor (RyR), are detected in some MG patients and could have an effect on muscle function, although they have so far only been reported in patients who are seropositive. [14] [15] [16] We studied clinical, electrophysiological, and immunological features of patients with seronegative MG, focusing on patterns and severity of impaired neuromuscular transmission.
METHODS

Patients
Seventy consecutive patients (22 men and 48 women; mean age 49 years) with generalised MG, seen at Chiba University Hospital, Japan, between 2000 and 2003, were studied. For diagnosis of generalised MG, we required involvement of both the ocular muscles and bulbar/limb muscles and typical fatigability, with positive response to edrophonium injection, electrophysiological evidence of a defect in neuromuscular transmission (waning on repetitive nerve stimulation test and/or increased jitter on SFEMG), or positive MuSK antibodies. Edrophonium was injected intravenously. Initially 2 mg was given. If this was tolerated and no definite improvement in strength occurred after 30 seconds another 8 mg was injected. A positive test consisted of obvious improvement in blepharoptosis and/or muscle strength, and equivocal improvement was regarded as negative. Patients with purely ocular MG were excluded.
Patients' clinical disabilities were evaluated using the Myasthenia Gravis Foundation of America (MGFA) clinical classification. 17 At the time of clinical and electrophysiological examination and antibody assays, 73% of the seropositive and 54% of the seronegative patients had not yet received thymectomy, corticosteroid treatment, or other immunosuppressive treatments. In patients receiving anticholinesterase medication, this medication was withdrawn 24 hours before the electrophysiological examination.
Electrophysiology
Axonal stimulating SFEMG was performed in the extensor digitorum communis (EDC) muscle by the technique described by Trontelij and Stålberg. 6 Stimulation was delivered using a needle cathode (Teflon-coated monopolar steel needle, Nicolet Biomedical Japan, Tokyo, Japan) inserted into the EDC. The stimulation rate was 2 Hz when searching for optimal action potentials and 10 Hz during jitter measurements. The SFEMG electrode (Medelec SF 25-53031, London, UK) was inserted into the EDC over the area of muscle twitching. Only fibres with an amplitude greater then 0.5 mV and a rise time shorter than 0.25 ms were accepted. Special care was taken to maintain stimulus intensity above threshold throughout the jitter measurements. Stimulation, recording, and computation of the jitter were performed using a Nicolet Viking 4 EMG machine (Nicolet Biomedical Japan, Tokyo, Japan). Jitter was expressed as the mean of the absolute consecutive differences (MCD) of the latency from the stimulus to the negative peak of the muscle action potential. A series of 100 responses was acquired from each muscle fibre. Between 18 and 24 different muscle action potentials were sampled. The upper normal limits of MCD were 40 ms for individual motor endplates and 25 ms for the mean MCD of examined endplates. 6 Repetitive nerve stimulation test was performed in the nasalis muscle after facial nerve stimulation, in the trapezius after accessory nerve stimulation, and in the abductor digiti minimi after ulnar nerve stimulation. The nerves were stimulated at 3 Hz. The area of the initial negative phase was measured and the percentage decrement was calculated by comparing the fourth response with the first response. An area decrement of more than 10% was considered abnormal for the abductor digiti minimi, whereas a decrement more than 15% was seen as abnormal for the nasalis and trapezius muscles because of baseline drift in testing these muscles.
Antibody assays
AChR antibodies were measured by a standard radioimmunoprecipitation assay using human adult type AChR as antigen. 18 Serum MuSK antibodies were measured by immunoprecipitation of 125 I-recombinant MuSK extracellular domains. 19 Anti-RyR and anti-titin antibodies were determined by enzyme-linked immunosorbent assays. 20 For anti-RyR assay, peptides corresponding to the C-terminal transmembrane region and N-terminal region were used. Anti-titin assays were performed using recombinant titin fragment (MGT30-peptide, Diagnostika GMBH, Hamburg, Germany).
Statistics
For statistical analysis, differences in median values were tested by the Mann-Whitney U test, and differences in proportions were tested by the x 2 test or Fisher's exact test.
RESULTS
Antibodies and clinical profiles
Anti-MuSK assays were performed in all the 13 seronegative and 57 seropositive patients; four (31%) of the seronegative patients and none of the 57 seropositive patients were positive for MuSK antibodies. Anti-RyR and anti-titin assays were performed only in the seronegative patients; seven (54%) of the 13 seronegative patients were positive for anti-RyR antibody, including all four MuSK antibody positive patients. None of the seronegative patients was positive for anti-titin antibody. Table 1 compares the clinical profiles of 57 seropositive patients, and 13 seronegative patients divided into the MuSK antibody positive (n = 4) and negative (n = 9) subgroups. On neurological examination, the seronegative patients were indistinguishable from the seropositive patients; seronegative patients also had fluctuating blepharoptosis and/or ophthalmoplegia, and fatigability in the facial, bulbar, or limb muscles. Age, male to female ratio, clinical severity, and distribution of weakness (MGFA Clinical Classification; fig 1) did not differ significantly in the seropositive, MuSK positive, and MuSK negative groups. A positive edrophonium test was less frequent in MuSK negative patients (p,0.05) and none of the seronegative patients had thymic mass on chest computed tomography compared with 39% of seropositive patients. On histological findings of the removed thymus, one seronegative/MuSK positive patient had hyperplasia and the thymus was normal in the remaining seronegative patients.
The three subgroups of patients in Table 1 received similar treatments and all experienced clinical improvement after thymectomy, corticosteroid treatment, plasmapheresis, or cholinesterase inhibitors. However, because in most of the patients corticosteroid treatment begun before or within 3 months after thymectomy, the effects of each treatment could not be evaluated. Myasthenic crisis, which was defined as the requirement for intubation because of respiratory weakness, was more frequent in the MuSK posititive patients than in the seropositive MG patients (p,0.05; Table 1 ). (Table 2 ; p,0.05 for both MuSK antibody positive and negative groups), and the number of endplates with increased jitter was also different ( Table 2) It is clear that, within each MGFA grade, the extent of jitter (mean MCD) and percentage of endplates with blocking were lower for the seronegative group, both with and without MuSK antibodies, compared with the seropositive group.
Because 27% of seropositive patients and 46% of the seronegative patients had received treatments at the time of examination, the frequency of abnormal jitter was compared between 'untreated' and 'treated' patients. Among seropositive patients, jitter was abnormal in 95% of 'untreated' patients and 85% of 'treated' patients. Among 13 seronegative patients, abnormal jitter was found for two (29%) of the seven 'untreated' patients and four (67%) of the six 'treated' patients. Table 2 also shows results of the repetitive nerve stimulation test, which was performed in three muscles. In the seropositive patients, waning was present in at least one examined muscle in 67% of patients. Two of the four MuSK positive patients showed waning in the nasalis, whereas waning in the MuSK negative group was found in only 25%. Overall, there was significantly less waning in the MuSK negative patients compared with the seropositive MG patients (p,0.05). Table 3 details the findings in the 13 patients with seronegative MG with the patients listed according to the positivities of MuSK and RyR antibodies. Electrophysiological examination was performed before treatment in seven patients (patient 2, 5, 7, 8, 10, 11, 13) and after treatment in the remaining six patients. Ten of the 13 patients had clinical involvement of the EDC; nine patients graded as having MGFA 'a' had weakness in the forearm muscles, and patient 4 was graded as having MGFA '4b' but had involvement of EDC. Of the four MuSK positive patients (patients 1-4), two showed mild-to-moderate jitter and the remaining two had normal SFEMG findings. Of the seven anti-RyR positive patients (patients 1-7), three showed an increased jitter and the remaining four had normal jitter. Similarly, mild or no SFEMG abnormalities were present for the other seronegative MG patients (patients [8] [9] [10] [11] [12] [13] . Therefore, MuSK antibodies or anti-RyR antibodies were not associated with specific patterns of SFEMG abnormalities.
DISCUSSION
Our results showed a number of differences in clinical, electrophysiological, and immunological profiles between seronegative and seropositive MG. First, consistent with previous study results, 3 7 8 thymoma was less common in the seronegative group. Second, seronegative patients had less severe SFEMG abnormalities in the forearm muscles than seropositive patients despite the similar clinical severities and distribution of weakness. This suggests that seronegative MG patients had milder impairment of neuromuscular synaptic transmission in some muscles. Third, in this Japanese series, MuSK antibody was present in only 31% of the seronegative MG patients whereas anti-RyR antibody was found in 54% of the patients. The MuSK positive patients frequently have myasthenic crises, but SFEMG abnormalities were mild at the times tested, and in the muscles examined, and there was no clear influence of either MuSK antibodies or RyR antibodies with respect to the electrophysiological investigations in this small series of seronegative MG.
Measuring jitter with SFEMG is the most sensitive in vivo test of abnormal neuromuscular transmission and, therefore, the most sensitive test for MG. 6 21 In the EDC muscle, an increased jitter is found for approximately 90% of patients with generalised MG and for 78% of patients in clinical remission after treatment. 21 In this series, abnormal jitter in the EDC was observed in 93% of the seropositive patients but only in 46% of the seronegative patients. We do not have control data for our jitter studies but the values that we obtained for seropositive patients are similar to those reported by others, and the lack of control data does not affect the difference between seropositive and seronegative patients that we found.
The extent of increased jitter was less in the patients with seronegative MG. A similar finding (less jitter for seronegative MG) was reported in a previous study but detailed data were not shown. 3 Other recent reports investigating MuSK antibody positive patients suggest that jitter was normal in the EDC, but increased in shoulder and neck muscles or facial muscles. 12 13 Our SFEMG study included only the EDC muscle and the possibility of abnormal jitter in other muscle-for example, facial muscles-could not be excluded. Moreover, it is theoretically possible that prior treatment reduced the frequency of abnormal jitters in the seronegative patients but our data do not support this possibility.
These findings raise the interesting possibility that the neuromuscular junction is not the only target of the immune attack in seronegative MG, and that the similar clinical severity for seropositive and seronegative patients could be because other factors contribute to myasthenic symptoms in seronegative patients. A myasthenic-like syndrome without abnormality in neuromuscular synaptic transmission has been demonstrated in the Buffalo/Mna rat, which have elevated serum anti-RyR antibodies. 22 23 The rats begin to develop muscle weakness soon after birth and a physiological study showed reduction of muscle contractile force without abnormalities in synaptic transmission or membrane properties, perhaps caused by defective release of Ca 2+ from the sarcoplasmic reticulum. 23 In theory, a similar disturbance of E-C coupling might be responsible for some of the muscle weakness in seronegative MG patients who also have RyR antibodies; however, there was no evidence that the patients with RyR antibodies had greater electrophysiological abnormalities than those without. Future studies will need to investigate neuromuscular transmission in different muscle groups and to identify the pathophysiology of each subtype of seronegative MG. 
